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Abstract: Preworkout multi-ingredient admixtures are used to maximise exercise performance.
The present double-blind, cross-over study compared the acute effects of ingesting a preworkout
multi-ingredient (PREW) admixture vs. carbohydrate (CHO) over a week (microcycle) comprising
three resistance training (RT) workouts alternated with two 30-min low-intensity endurance sessions
(END) on RT volume (kg lifted) and END substrate oxidation. Additionally, postworkout decreases of
muscle function and subjective responses were analysed. Following a baseline assessment, fourteen
recreationally trained, middle-aged adults (seven females, 48.8± 4.7 years old) completed two identical
microcycles separated by a two-week washout period while receiving either PREW or CHO (15 min
prior to workout). The RT volume, per session (SVOL) and for the entire week (WVOL), was calculated.
Fatty acid oxidation (FAO) during 30-min cycling corresponding to their individually determined
maximal fat oxidation was measured using expired gasses and indirect calorimetry. Assessments of
performance and tensiomyography were conducted within 20 min after each RT. Higher (p = 0.001)
SVOL and WVOL along with a larger proportion of FAO (p = 0.05) during the second END workout
were determined under the PREW treatment. No other statistically significant differences were
observed between conditions. Compared to CHO, a preworkout multi-ingredient appears to increase
resistance volume and favour fat oxidation during low-intensity endurance exercises.
Keywords: multi-nutrient; preworkout supplement; tensiomyography; performance; dietary
supplements
1. Introduction
Multi-ingredient preworkout admixtures have been proposed as a specialised category of dietary
supplements to be administered prior to exercise with the aims of increasing motivation to train
and maximising exercise performance outcomes [1]. Previous studies on preworkout multi-ingredient
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admixtures have shown several physical performance-related benefits such as (i) improving muscular
endurance [2], (ii) increasing peak power output [3], (iii) higher training volume capacity [4], and (iv)
greater fatty acid oxidation [5]. Furthermore, additional effects on subjective feelings (e.g., increased
perceived alertness and focus on the task, and improved energy levels) have been reported [6].
Most preworkout multi-ingredient admixtures contain a proprietary blend of ingredients claiming
to produce performance benefits when taken as described. Several preworkout admixtures contain
caffeine mixed with other ingredients in an attempt to produce a synergistic, ergogenic effect that
favours fat metabolism during long-lasting activities [7]. Additionally, the combination of ingredients
such as caffeine and amino acids (e.g., L-Citrulline DL-Malate, L-Tyrosine, L-Taurine, etc.) has been
shown to delay fatigue [8] and improve the overall resistance training volume [4]. The ergogenic
effect of caffeine on exercise performance has been mainly attributed to its action as an adenosine
receptor blocker [9], which may serve to decrease the perception of fatigue [10], stimulate the release of
excitatory neurotransmitters, and therefore, increase motor neuron excitability [11]. These effects of
caffeine may therefore speed up cell’s energetic demands and prolong lipolysis [12].
Combining caffeine with yerba mate containing caffeoyl derivatives (chlorogenic acid, phytosterols
and saponins) promoted fat metabolism [13], increased fatty acid oxidation, and reduced the perception
of effort during endurance exercises performed at the intensity associated with the highest fat
oxidation [5]. Additionally, preworkout admixtures including high-quality protein with added amino
acids (e.g., L-leucine, L-arginine, L-tyrosine, or L-taurine) or derivatives (e.g., citrulline-malate, betaine
or L-carnitine) may augment the effects of caffeine by increasing muscle efficiency and delaying
fatigue [14]. L-taurine is an amino-containing sulfonic acid; its inclusion as an ingredient in preworkout
multi-ingredient admixtures has been associated with higher muscular endurance capacity during
resistance exercise [7]. Betaine is another naturally-occurring derivative of the amino acid glycine which
has been shown to increase muscle blood flow by elevating the levels of nitric oxide and promoting fluid
and thermal homeostasis [7]. L-Carnitine is a conditionally essential amino acid-like molecule found
predominantly in skeletal muscle with an essential role in fatty acid metabolism [15]. Preworkout
L-carnitine supplementation has been associated with increasing vasodilation, favouring oxygen
supply, and attenuating exercise-induced hypoxia [16]. Additionally, combined with L-leucine, oral
L-carnitine supplementation can prevent protein catabolism by stimulating mTOR expression [17].
Isomaltulose is a disaccharide comprised of glucose and fructose which has been shown to slow rates
of hydrolysis and subsequent absorption at the intestinal mucosa, resulting in prolonged glucose
delivery to the systemic circulation. Its ingestion before intermittent exercises favoured a more stable
glycaemic response in athletes [18].
It is possible that a combination of both caffeine and yerba mate extract with proteins
and slow-release carbohydrate (isomaltulose) admixtures including citrulline-malate, L-leucine,
L-tyrosine L-taurine, and betaine may work synergistically to acutely enhance performance beyond
what is possible with any one single ingredient.
To the best of the authors’ knowledge, no previous studies have investigated the potential
ergogenic effect of a similar admixture administered before a workout. Furthermore, a meta-analysis
of 35 trials concluded that combining multi-ingredients with resistance training is an effective strategy
to induce greater gains of fat-free mass and strength [19]; however, the observed changes were more
evident in untrained and elderly individuals (>45 years; 66 ± 8 years) compared to their trained
and younger counterparts [19]. The aforementioned meta-analysis did not distinguish among studies
using different administration protocols, e.g., pre- vs. post- workout or daily multidose intakes. Indeed,
none of the included trials conducted with middle-aged and older adult participants considered
a preworkout supplementation alone.
The aim of the present study, therefore, was to compare the acute effects of ingesting a preworkout
multi-ingredient (PREW) admixture over a training week (microcycle) including both resistance
and endurance training vs. an isocaloric preworkout placebo containing carbohydrate alone (CHO) in
recreationally trained middle-aged men and women on (i) resistance training performance, (ii) substrate
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oxidation during endurance exercise, (iii) postworkout decrease of muscle function, and (vi) subjective
measures. The primary outcomes were: (i) the total resistance training volume performed per workout
(SVOL) and for the whole week (WVOL), measured in kilograms of lifted load in each exercise
and normalised by the fat-free mass, and (ii) the amount of fat and carbohydrate oxidised during
the endurance sessions. Secondary outcomes were the estimated decrease of muscle function due
to the performed RT on (i) medicine ball throw distance, (ii) jump height, (iii) isometric strength,
(iv) the evoked tensiomyography (TMG) contraction velocity (Vc) of vastus medialis (VM), biceps
femoris long head (BFLH), and anterior deltoids (AD). In addition, we sought to describe the effects of
preworkout supplementation on the following exploratory variables: (i) subjective feelings of energy,
focus and awareness on the task, (ii) the postworkout perceived exertion, and (iii) the rest of the TMG
variables [maximum radial muscle displacement (Dm), contraction time (Tc)].
We hypothesised that compared to the ingestion of carbohydrate alone, a preworkout
multi-ingredient admixture will promote a higher resistance training volume and favour a greater
proportion of fatty acid oxidation during endurance exercises. Additionally, it will attenuate the decrease
of muscular function after resistance workouts.
2. Materials and Methods
Following inclusion, familiarisation, baseline assessments, and a five-day recovery period, using
a randomised, counterbalanced, cross-over, double-blind, placebo-controlled design, the participants
were randomly allocated to receive either PREW or CHO. Thereafter, the participants completed two
identical training and testing microcycle periods (five days each) separated by a two-week washout
period. The nutritional treatment was switched from the first to the second five-day training and testing
period (Figure 1).
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Figure 1. Overview of the study design. The overall intervention involved six consecutive weeks. First
week: Familiarisation; Second week: baseline tests followed by a recovery period; Third week: First
microcycle including three resistance workouts (RT 1, RT 2 and RT 3) and two endurance workouts
(END 1 and END 2), pre- and post- training assessments; Fourth and Fifth weeks: Recovery/washout
period; Sixth week: second microcycle including three resistance workouts (RT 4, RT 5 and RT 6) and two
endurance workouts (END 3 and END 4), pre- and post- training assessments. Supp: Ingestion of
the corresponding supplement condition [Preworkout multi-nutrient (PREW) or carbohydrate (CHO)];
SFQ: Participants completed the subjective feeling questionnaire; MBT: medicine ball throw test; VJ:
vertical jump test; MIF: maximal isometric force test; TMG: Tensiomyography of vastus medialis,
biceps femoris long head and anterior deltoids.
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2.1. Participants
Fourteen recreationally active, middle-aged adults (seven females) participated in this study. To be
eligible, participants were required to have been training regularly two to three times per week, using
routines including resistance exercises (e.g., bench press, leg press, squats, or lunges) for a minimum of six
months before the beginning of the study. Exclusion criteria included anyone suffering from recent (last
six months) or present injuries which may prevent them from performing the required exercises, suffering
from current illnesses or chronic diseases (including metabolic syndrome, advanced obesity, or sarcopenia),
or taking any medication or supplements that would affect exercise performance (i.e., protein amino-acids
supplements, NSAIDs, etc.). All female participants were premenopausal and were randomly tested
throughout their menstrual cycle [20]. All participants provided written informed consent in accordance
with the Declaration of Helsinki. Procedures were approved by the University of Greenwich Research
Ethics committee (FES-FREC-18-3.04.16) on 23 January 2020. The project was registered as a clinical trial
at the U.S. National Institutes of Health. https://www.clinicaltrials.gov (NCT041477741).
To determine the appropriate sample size, an interim analysis was performed once six participants
had completed the study. The analysis was conducted based on the most relevant primary outcome
measure [the WVOL, summarizing the total load from the performed exercise over the three conducted
resistance training sessions]. Assuming an α-error of 0.05, for the resulting effect size of d = 0.96
calculated between two dependent means determined for the PREW and CHO conditions, the required
sample size of n = 11 was estimated to achieve >80% statistical power.
2.2. Procedures
2.2.1. Familiarization
After confirming their eligibility for the study, the participants completed three sessions of
familiarization (week 1) during which the training protocol, exercise techniques, and the assessment
procedures were explained.
2.2.2. Baseline Assessments
Environmental conditions kept constant in all testing and training sessions, i.e., mean (SD):
20 (1) ◦C, 775.6 (12) mmHg and 51.1 (6.1) % for air temperature, barometric pressure, and relative
humidity, respectively. Participants refrained from heavy exercise during 48-h prior to all baseline
assessments. Tests were conducted within one day and in the following order: (i) body composition,
(ii) tensiomyography, (iii) medicine ball throw, (iii) vertical jump, (iv) maximal isometric mid-thigh
pull, and (v) incremental cycling test to exhaustion. A passive 10-min recovery period was provided
between each individual test.
2.2.3. Body Composition
The standard measurements were performed following the recommendations for anthropometric
assessment [21]. To eliminate interobserver variability, one investigator consistently performed all
measurements. Height was measured in a stretched stature to the nearest 0.01 m using a wall-mounted
stadiometer (Seca GmbH, Hamburg, Germany) and body mass (BM) was corrected to the nearest 0.1 kg
using a digital scale (Seca GmbH, Hamburg, Germany). Fat mass (FM) and fat-free mass (FFM) were
estimated from whole-body densitometry using air displacement via Bod Pod® (Life Measurements,
Concord, CA, USA) and following the manufacturer’s instructions as detailed elsewhere [22].
2.2.4. Medicine Ball Throw (MBT)
Three overhead throws were performed using the methodology described by Viitasalo [23].
Based on the distance, the best of three attempts was chosen for the analysis. Males used a five-kg
(circumference 0.30 m), and females a three-kg (circumference 0.21 m) medicine ball.
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2.2.5. Vertical Jump
A countermovement jump (CMJ) was performed according to the methodology described by
Brown and Weir [24]. A Kistler force platform (9287B, three component force platform; Kistler, Hook,
United Kingdom; dimensions: 900 × 600 × 100 mm) with a sampling rate of 2000 Hz was used to
calculate the height from the difference, in meters (m), between maximum height of the centre of mass
(apex) and the last contact of the toe on the ground during the take-off. Based on the height, the best of
three jumps was chosen for the analysis.
2.2.6. Maximal Isometric Force (MIF)
A T.K.K. 5402 dynamometer (Takei Scientific Instruments Co. Ltd., Niigata, Japan) with a base of
31.5 × 31.5 cm, chain (51 cm) and latissimus pulldown bar (120 cm; Perform Better, United Kingdom)
was used to assess full-body MIF [25]. The participants were instructed to adopt a position similar to
the second pull in the power clean exercise (mid-thigh pull). Participants were positioned by standing
on the foot grips and adjusting the chain length to have the bar positioned slightly above the knees.
Participants gripped the bar without straps, and before pulling, maintained tension on the chain to
avoid jerking movements. Thereafter, participants pulled upwards using as much force as possible [26].
Three attempts of 5 s with 30 s rest were conducted. The maximum recorded value in kilograms force
(kgF) was selected for the analysis.
2.2.7. Tensiomyography Assessment
A TMG portable device (TMG Measurement System, 146 TMG-BMC Ltd., Ljubljana, Slovenia)
with a maximal stimulation output of 110 mA·ms−1 was used to measure the contractile properties of
the Vastus Medialis (VM), Biceps Femoris Long Head (BFLH) and Anterior Deltoid (AD) at the dominant
limb [27,28]. Measurements were collected by the same trained researcher, following the methodology
described by Rey et al. [29] and obtained at rest, in supine position for the VM, prone position for
BFLH and sitting position for the AD. Changes in the evoked muscular contractile properties were
estimated by analysing the following variables (i) maximal radial displacement of the muscle belly
(Dm), contraction time between 10 and 90% Dm (Tc), and mean velocity of contraction (Vc), which was
calculated by dividing the Dm by the sum of the Tc and the delayed time (Td) [27]. These three variables
demonstrated high levels of accuracy, reliability, and sensitivity to changes in neuromuscular function
by TMG analysis [30]. Furthermore, it is not uncommon for Tc and Dm to vary disproportionately
relative to one another, and changes in Tc, independent from Dm, can be due to alterations in the rate
of contraction, as measured by Vc [31].
The intraclass correlation coefficients (ICC) at 95% confidence intervals (CI) for TMG variables
ranged from 0.88 to 0.91, similar to those reported in previous investigations [28].
2.2.8. Incremental Cycling Test to Exhaustion
Following a standardised warm-up, participants completed a maximal incremental laboratory
exercise test to exhaustion on a cyclo-ergometer (Lode Corival®). The test commenced at a work rate
of 30 or 50 W (women and men, respectively) and increased 15 W every minute. The participants
were encouraged to keep a constant cycling rate between 60 and 90 rpm while remaining in a sitting
position. When cadence dropped by more than 10 rev·min−1 for more than 10 s despite strong verbal
encouragement, tests were terminated. The test was designed to avoid long-term muscular fatigue,
and every trial lasted <18 min. Expired gases were collected continuously during the test using
a Cortex MetaLyzer 3B gas analyzer (Cortex Biophysik, Leipzig, Germany). This device was also used
to calculate the respiratory exchange ratio (RER), and thereafter, to estimate the oxidation and relative
contributions of carbohydrate and fat across the test [5]. Additionally, the maximum heart rate (HRmax)
and VO2peak (calculated as the highest mean oxygen consumption over a 30-s period [32]) were
calculated for descriptive purposes.
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2.3. Dietary and Supplementation
Each participant completed a three-day food diary report (two weekdays, and one weekend
day). The Food Processor Software (Version 11.4.70, London, UK) was used to calculate the energy
and nutritional compositions of the reported diets. Participants were instructed to maintain their
habitual diet throughout the study, including the washout period. They were asked to report
any minimal change regarding food composition and size, ingestion of supplements or compliance
with the reported meals, including breakfast, lunch, pre- and post- workout food intake, and dinner.
If any change had been detected (i.e., becoming vegetarian, restricting calories, taking additional
nutritional supplements, etc.), that participant’s data would have been excluded from the analysis.
During the five-day training periods (weeks 3 and 6), all participants consumed either one 40 g
dose of a commercially available preworkout multi-ingredient admixture (PreWorkout PRO ST, Crown
Sport Nutrition, Spain) or an isoenergetic placebo (see Table 1).
Table 1. Nutritional composition of supplements per intake mixing with ~350 mL of plain water.
Description Multi-Ingredient(40 g dose)
Placebo
(27 g dose)
Energy value (kcal) 100 102
Macronutrients








Total proteins included added amino acids (g) 9 -
Amino acids and other ingredients
Betaine Hydrochloride (g) 2 -
L-Carnitine L-tartrate (g) 1.5 -
L-Citrulline-DL-malate (g) 2.5 -
L-Leucine (g) 3 -
L-Lysine (g) 2.7 -
L-Arginine Base (g) 2.5 -
L-Isoleucine (g) 1.5 -
L-Methionine (g) 0.7 -
L-Phenylalanine (g) 1.1 -
Taurine (g) 1 -
L-Threonine (g) 1.2 -
L-Tryptophan (g) 0.3 -
L-Tyrosine (g) 1 -
L-Valine (g) 1.5 -
Caffeine (mg) 400
Yerba Mate extract (mg) 300
The two products under study were presented in sachets of vanilla-flavoured powder to be diluted
in ~350 mL of cold plain water and administered 15 min before each workout-session. The diluted drinks
were similar in appearance, texture, and taste. The participants were instructed to ingest the last meal ~3
to 4 h before each training session. They were allowed to drink water but not to ingest any food during
the 3-h preworkout time or after completion of all postworkout assessments. An investigator who was
not involved in the data collection prepared and administered both supplements for all participants,
providing double-blinding of both the participants and the data collection researcher. No supplements
were consumed on non-exercising days (e.g., weekends and weeks 4 and 5). Furthermore, to avoid
possible confounding trial order effects, the conditions were tested following a balanced randomised
order. Following the preintervention assessments, participants were matched by sex and body mass.
Assignment of participants to treatments was performed by block randomization using a block size of
two and in a double-blind (PREW or CHO) fashion.
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2.4. Exercise Protocols and Postworkout Assessments
Resistance Training (RT): Three RT sessions were conducted on alternate days (e.g., Monday,
Wednesday, and Friday), and all sessions took place late in the afternoon (4 to 6 pm). Each participant
performed a supervised full-body resistance-training protocol involving a standardised warm-up
followed by three circuits of one set of the following exercises: (i) parallel squat, (ii) bench press,
(iii) alternate 40 cm box step-ups, (iv) shoulder press, (v) alternate lunges, (vi) upright row, (vii) deadlift,
and (viii) squat jumps. About 30 sec rest between exercises and 3 min between circuits was allowed.
As the workout aimed to create a high level of mechanical and metabolic stress, a muscle endurance
training targeting 16 self-determined maximum repetitions (>40 to <60% 1RM) per set was designed [33].
When participants were able to perform more than 16 repetitions per set, the load was increased
between 2.5 and 5 kg. If fewer than 16 repetitions were completed, a minimum rest period of 15 s was
introduced until the participants were able to reach the targeted number of repetitions per set. The time
to complete the workouts was ~55-min. Additionally, the rate of perceived exertion (RPE) for the entire
workout was measured by using the OMNI-RES scale [34]. To avoid easy or difficult elements toward
the end of the sessions from skewing the overall rating of the exertion, the participants were asked to
rate their session-RPE by answering the question “How hard was your entire workout?” between 15 to
30 min after the completion of each resistance training workout [35]. Within 20 min after the completion
of each workout (RT1, RT2 and RT3), assessments of voluntary (MBT, CMJ, MIF) and evoked (TMG)
muscular function were conducted, following the same protocol as used for the baseline assessment.
Endurance Training (END): Two END sessions were conducted twice a week on alternate days
(e.g., Tuesday and Thursday). Each session involved 30 min of cycling at an individually determined
maximum fatty acid consumption (Fatmax) intensity. Additionally, the RPE using the Borg scale (6–20)
was measured every five minutes during exercise. The exercise intensity at which the reliance on
fat oxidation reached its maximum (Fatmax) was individually determined and chosen as the target
intensity for the endurance training sessions. The metabolic data of fat (FAO) and carbohydrate
(CHOox) oxidation were estimated using stoichiometric indirect calorimetry equations (Equations (1)
and (2)), assuming minimal protein contribution during exercise.
FAO = 1.695 ×
.
VO2 − 1.701 ×
.
VCO2 (1)
CHOox = 4.585 ×
.
VCO2 − 3.226 ×
.
VO2 (2)
The FAO during exercise was determined based on averaging the last twenty min of the 30-min
session. Fatmax (g·min−1) was determined from the incremental test as the highest amount of FAO
averaged over 30-s. Fatmax corresponding intensity was determined as the mechanical power output (W)
and relative intensity (%) relative to peak power (Ppeak), at which each participant achieved Fatmax [5].
Subjective Feelings: Prior to each workout session and after taking the supplement, all participants
were asked to complete a four-question questionnaire based on a five-point rating scale. The participants
were asked to rate their energy level, fatigue level, feelings of alertness, and feelings of focus on the task
using the following verbal anchors: 1 = very low, 2 = low, 3 = average, 4 = high, and 5 = very high,
with the average response of the three testing sessions computed for a final “score” [6]. The same
researcher performed all test administrations under controlled conditions (i.e., in a quiet room).
Compliance with the study procedures (e.g., potential changes in dietary intake, ingestion of
caffeine or other supplement, resting and training time) were checked by the researchers using
an individual interview before starting all training or testing sessions.
2.5. Statistical Analyses
Descriptive analyses were performed, and Shapiro-Francia tests were applied to assess normality.
Before testing the main hypothesis, the possible treatment order effect, and the effectiveness of
the washout phase to rule out any carryover effect was checked. For all the analysed variables,
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a preliminary test using the sum of all values obtained for each participant at any training sessions (RT1,
END1, RT2, END2, RT3) in the two periods was calculated and compared across the two sequenced
conditions. We used an independent samples Student’s T-test to compare the values measured in
the seven participants who started with PREW vs. the results determined for the seven others who
started with CHO [36].
Two-way repeated-measure ANOVA (3 RT workouts or two END workouts × two conditions
(PREW vs. CHO)) was performed to respectively analyse (i) the SVOL lifted and the session-RPE rated
in each RT workout, and (ii) the substrate oxidation (FAO and CHOox) and the averaged Borg-scale
score measured during each END session.
A related sample Students T-test was used to analyse differences between conditions (PREW
vs. CHO) for the WVOL and the averaged measures of the four questions included in the subjective
feelings questionnaire.
Raw changes in performance (MBT, CMJ and MIF) and TMG, were calculated by subtracting pre-
from post- assessment values, without adjusting for pre-values, since the same participants performed
under both conditions acting as their own controls. In order to assess the magnitude of the differences
from baseline, confidence intervals (CIs) of the differences were calculated and plotted. Those CIs not
crossing zero were considered statistically significant from the baseline performance. Additionally,
two-tailed one-sample Student T-tests were used to test for a null effect hypothesis.
To compare differences between conditions (PREW vs. CHO) at postworkout measurements
in raw change, an ANOVA with repeated measures was used to examine changes over the three
sessions (RT1, RT2, and RT3) for MBT, CMJ, MIF, VOL, GRPE (global rate of perceived exertion after
20 min of the end of the workout), and all TMG variables. Differences over time were compared using
Bonferroni-adjusted pairwise comparisons when appropriate.
A previous analysis using sex as an interparticipant factor (i.e., condition × time × sex)
demonstrated no significant interactions between sex and conditions or times for all the variables with
the exception of TMG. Therefore, sex (men, women) was used as a covariate to analyse changes in
the TMG variables. For the rest of the variables, data were pooled between sexes and analysed together
for the rest of the variables.
Eta squared (η2) and Cohen’s d values were reported to provide an estimate of the standardised
effect size (small η2 = 0.01, d = 0.2; moderate η2 = 0.06, d = 0.5; and large η2 = 0.14, d = 0.8).
The significance level was set at 0.05. All results are reported as mean (standard deviation) unless
stated otherwise. All statistics were performed using the Statistical Package for the Social Sciences
(SPSS for Windows, version 26.0; SPSS, Inc., Chicago, IL, USA).
3. Results
The demographic characteristics of the sample are presented in Table 2.
Table 2. Demographic characteristics of the participants (described by sex).
Measures
Males (n = 7)
Mean ± SD
(Range)
Females (n = 7)
Mean ± SD
(Range)
Age (yrs) 49 ± 5(45–58)
49 ± 4
(45–55)
Height (cm) 178 ± 5(168–185)
161 ± 3
(156–164)
Body mass (kg) 85.8 ± 14(67–107)
71 ± 8
(58–82)
Fat-Free mass (kg) 63.3 ± 5(52–69)
45.3 ± 5
(54–38)
Fat mass (kg) 25.1 ± 10(12–38)
27.4 ± 9
(15–42)
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Table 2. Cont.
Measures
Males (n = 7)
Mean ± SD
(Range)
Females (n = 7)
Mean ± SD
(Range)
Experience in RT (yrs) 2.4 ± 1(1–5)
1.6 ± 1
(1–5)
Overhead Medicine ball Throw (m) 6.1 ± 1.2(4.5–7.9)
4.6 ± 0.6
(3.6–5.4)
Countermovement jump (cm) 26.4 ± 3.4(21.4–30.7)
17.1 ± 2.6
(12.9–20.4)









Fat max intensity (Watts) 103 ± 45(66–196)
55 ± 12
(41–74)
No carryover effect was observed for the main performance (WVOL p = 0.40, SVOL p = 0.51)
and metabolic (FAO p = 0.39, CHOox p = 0.77) variables, nor for the secondary variables (MBT p = 0.43,
CMJ p = 0.21, MIF p = 0.37, Vc for VM p = 0.36, BFLH p = 0.51 and AD p = 0.10) and the exploratory
variables (all p > 0.05).
3.1. Diet Analysis
Table 3 shows the daily consumption of macronutrients (grams) and energy (kcal) including
and not including the two analysed supplements.
Table 3. Descriptive analysis of participants diet compositions, including and not including
preworkout supplementation.






g·d−1 83.3 ± 31.4 92.9 ± 31.4 * ϕ 83.3 ± 31.4 ϕ
g·kg−1.d−1 1.1 ± 0.3 1.2 ± 0.33 * ϕ 1.1 ± 0.3 ϕ
% of total energy 16.5 ± 4.4 17.5 ± 4.24 * ϕ 15.7 ± 4.2 * ϕ
Carbohydrate
g·d−1 242.0 ± 82.3 260.1 ± 83.1 * ϕ 267.4 ± 82.4 * ϕ
g·kg−1.d−1 3.2 ± 1.3 3.4 ± 1.3 * ϕ 3.5 ± 1.3 * ϕ
% of total energy 48.3 ± 13.3 49.0 ± 12.7 * 50.8 ± 12.7 * ϕ
Fats
g·d−1 77.4 ± 26.2 77.4 ± 26.2 77.4 ± 26.2
g·kg−1.d−1 0.97 ± 0.2 0.97 ± 0.2 0.97 ± 0.
% of total energy 35.2 ± 9.9 33.5 ± 9.4 33.4 ± 9.4
Energy
Total daily energy 2053.2 ± 407.7 2167.4 ± 407.3 * 2157.3 ± 407.6 *
Kcal·kg−1.d−1 26.4 ± 4.9 27.9 ± 5.0 * 27.8 ± 5.0 *
* p < 0.01 to baseline ϕ p < 0.01 Preworkout vs. Maltodextrin. Notes: values are presented as mean ±
standard deviation.
Overall, the ingestion of a 40 g daily dose of PREW increased protein and carbohydrate intake,
while adding 27 g of maltodextrin increased daily carbohydrate ingestion alone. Both PREW and MALT
significantly increased energy intake.
Nutrients 2020, 12, 3778 10 of 19
3.2. Primary Outcomes
Total Resistance Training Volume over the entire week (WVOL): Under the PREW condition,
the participants lifted more kg (p = 0.001, d = 1.26) than when they ingested only maltodextrin
(Figure 2A).
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Figure 2. Estimated marginal mean values and 95% confidence intervals in resistance training volume
(total kg lifted) per week (A) or per workout (B) nder both treatment conditions: preworkout (PREW)
or carbohydrate (CHO). ** p < 0.01, * p 0.05 between conditions (PREW vs. CHO).
3.2.1. Total Resistance Training Volume Per Session (SVOL)
Effects between workouts (F[2,26] = 15.082, p = 0.001, η2 = 0.010) and supplements (F[2,26] = 22.295,
p = 0.001, η2 = 0.023) were observed but an interaction was not found (F[2,26] = 1.073, p = 0.375,
η2 = 0.001. Post hoc comparisons indicated that under PREW, the participants lifted more kilograms
than under CHO (p < 0.05, d > 0.80) during the three RT sessions (Figure 2B). Additionally, under
PREW, the training volume was significantly higher in RT3 vs. RT2 (p = 0.026) and RT1 (p = 0.005), as
well as between RT2 vs. RT1 (p = 0.016). However, under CHO, no difference was observed between
the SVOL during the first two sessions (RT1 vs. RT2, p = 0.471), while RT3 increased significantly
compared to both RT1 (p = 0.008) and RT2 (p = 0.023).
3.2.2. Subtract Oxidation during Endurance Training Sessions
Main effects between supplements (F[1,13] = 4.878, p = 0.046, η2 = 0.077), but not between workouts
F[1,13] = 0.008, p = 0.931, η2 = 0.001) or interaction F[1,13] = 1.256, p = 0.283, η2 = 0.088) effects, were
determined for FAO.
No main effects between workouts (F[1,13] = 0.169, p = 0.663, η2 = 0.001), supplements (F[1,13]
=1.922, p = 0.189, η2 = 0.007) or interaction (F[1,13] = 3.242, p = 0.095, η2 = 0.088) were determined
for CHOox.
The post hoc analysis indicated a significantly higher FAO (p = 0.05, d = 0.53) and a non-significantly
(p = 0.07, d = 0.51) lower CHOox under PREW compared to CHO during END 2 (Figure 3).
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Figure 3. Estimated marginal mean values and 95% confidence intervals fat (A) and CHO (B), oxidation
rate g·min−1 determined during the first (END 1) and second (END 2) endurance training session under
both treatment conditions: preworkout (PREW) or carbohydrate (CHO). * p < 0.05 between conditions
(PREW vs. CHO).
3.3. Secondary and Exploratory Outcomes
3.3.1. Medicine Ball Throw (MBT)
Compared to baseline, a significant decrease in performance was observed after the completion of
RT2 and RT3 under the PREW condition, and after completion of the three RT workouts under the CHO
condition. Additionally, the main between supplement effects were determined (F[1,13] = 12.65,
p = 0.004, η2 = 0.065), though not for workouts (F[2,26] = 1.920, p = 0.167, η2 = 0.019) or interaction
F[2,26] = 1.073, p = 0.357, η2 = 0.016). A post hoc analysis revealed significantly lower performance
reduction (p = 0.001, d = 1.46) under the PREW compared to the CHO condition after RT 2. No between
supplement differences were observed after RT1 and RT3 (Figure 4A).
3.3.2. Vertical Jump (CMJ)
Compared to baseline, no significant reduction in VJ performance was measured under either
condition (PREW and CHO) after the three RT workouts. No main effects were determined between
workouts (F[2,26] = 1.994, p = 0.156, η2 = 0.011), for supplements (F[1,13] = 0.876, p = 0.366, η2 = 0.006),
or interaction (F[2,26] = 0.651, p = 0.530, η2 = 0.005) (Figure 4B).
3.3.3. Maximal Isometric Force (MIF)
Compared to baseline, significant strength decreases were observed after RT1 (p = 0.006, d = 0.88)
and RT2 (p = 0.039, d = 0.61) only under CHO condition. No strength reduction was measured under
the PREW condition (Figure 4C).
There were main effects between supplements (F[1,13] = 4.881, p = 0.046, η2 = 0.076) but not for
workouts (F[2,26] = 2.854, p = 0.076, η2 = 0.022) or interaction F[2,26] = 0.858, p = 0.436, η2 = 0.005).
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The post hoc analysis revealed a significantly lower performance reduction (p = 0.007, d = 0.86) under
the PREW compared to the CHO condition after RT 3. No between supplement differences were
observed after RT1 and RT2 (Figure 4C).
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the three resistance training sessions (RT 1, RT 2 and RT 3) under both treatment conditions: preworkout
(PREW) or carbohydrate (CHO). * p < 0.05 between conditions (PREW vs CHO).
3.3.4. Tensiomyography
Compared to baseline, no significant changes (all p > 0.05) in any TMG variable were observed
(Vc, Dm or Tc). No between workouts, supplements, or interaction effects were determined in the three
analysed muscles (AD, BFLH and VM). Means and SD describing the changes measured after RT1, RT2,
and RT3 of the three TMG analysed variables (Vc, Dm and Tc), including the 95% CI and the ANOVAs
tests for the three muscles under the two assessed conditions (PREW and CHO), are presented as
Supplementary Material (Table S1).
3.3.5. Perception of Effort
The GRPE rated by the OMNI-RES scale after completion of the three RT workouts were as follows:
(i) RT1: PREW 7.9 ± 0.9; CHO 7.9 ± 1.2, (ii) RT2: PREW 8.0 ± 0.8; CHO 8 ± 0.8, (iii) RT3: PREW 8.1
± 0.7; CHO 8.1 ± 0.8. Neither main effects between workouts (F[2,26] = 1.387, p = 0.268, η2 = 0.010)
and supplements (F[1,13] = 0.07, p = 0.795, η2 = 0.001) nor an interaction F[2,26] = 0.038, p = 0.963,
η2 = 0.001) were determined.
The average RPE values rated by the Borg-scale (6–20 points) every 5 min during the endurance
training were as follows: (i) END1: PREW 11.5 ± 1.1; CHO 12.0 ± 1.2, (ii) END2: PREW = 11.5 ± 1.2;
CHO 11.7 ± 1.1. No main between workouts (F[1,13] = 1.230, p = 0.287, η2 = 0.003), supplements
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(F[1,13] = 2.149, p = 0.166, η2 = 0.026) or interaction F[1,13] = 2.997, p = 0.107, η2 = 0.006) effects
were determined.
3.3.6. Subjective Feelings
The responses to the subjective feelings questionnaire are presented as Supplementary Material
(Table S2). No differences between conditions (all p > 0.05) were observed for the averaged energy
levels values, fatigue level, feeling of alertness, or focus for the task before starting the workouts.
4. Discussion
The observed results suggest that PREW vs. CHO treatment increases the total volume lifted over
three resistance training sessions performed across a five-day macrocycle (Figure 2). Additionally,
ingesting the multi-ingredient admixture before low-intensity (Fatmax) endurance training sessions
favoured fat oxidation (Figure 3A). However, even though participants experienced less performance
decrease on the MBT and MIF under the PREW condition after completion of RT2 and RT3 respectively,
the lack of interaction effect precludes any conclusion supporting the advantage of PREW over CHO
to attenuate this decrease (Figure 4). No differences between supplements (PREW vs. CHO) were
identified for the remaining variables, including the acute response of involuntary muscular function
(TMG), the rating of perceived effort measured after both RT (by the OMNI-RES scale) and END
(by the 6–20, Borg-scale), or the subjective feelings. Based on these findings, and within the confines of
the study procedures, we accept our research hypothesis asserting that compared to carbohydrates
alone, a preworkout multi-ingredient admixture may promote higher training volumes (kg lifted)
during resistance workouts and may favour fatty acid oxidation during submaximal continuous
endurance exercises. However, we cannot accept the hypothesis supporting the benefit of a preworkout
multi-ingredient admixture instead of carbohydrate alone to attenuate the postworkout decrease of
muscular function, improving the perception of effort, and enhancing subjective feelings.
Previous studies reported enhancement effects of ingesting preworkout multi-ingredient
admixtures on resistance training performance [4,6,37,38]. Compared to the multi-ingredient admixture
examined in our study, the formulations used in the aforementioned investigations provided less energy,
containing lower amounts of carbohydrates and proteins, but included creatine, beta-alanine, or both.
These two ingredients were not part of the admixture used in our study. However, all the formulations,
including the one tested in the present study, contained alkaloids, mainly in the form of anhydrous
caffeine, combined with amino-acids or derivatives (e.g., L-Leucine, Taurine, L-Citrulline-DL-malate).
The observed increased volume during the three RT workouts under the PREW condition could have
been related to the role of caffeine as an adenosine receptor antagonist [39]. Conversely, previous studies
reported a positive effect of caffeine to decrease the perception of effort during and after high-intensity
exercise sessions [40] and improve task motivation [41], focus on the task, and energy feelings [6]
compared to the ingestion of carbohydrate alone, even though we failed to observe such effects.
However, it is worth noting that the higher RT volume accomplished under the PREW condition did
not elicit a concomitant increase in the global postworkout perception of effort. Therefore, it is possible
to speculate that the ingestion of the multi-ingredient admixture attenuated the concomitant rise of
the perception of effort that could have been expected by the completion of a higher training volume.
Additionally, the increased volume under the PREW condition should have been followed by a larger
decrease in voluntary and involuntary muscular function. However, there was no difference between
conditions. In practice, the ingestion of the multi-ingredient, in addition, to promote an increased RT
volume, attenuated the concomitant loss of both voluntary and evoked muscular function that could
have been expected after performing higher volumes during the resistance workout sessions [42,43].
On the other hand, the lack of clear differences between the two tested conditions in all the TMG
variables can be explained by the expected blunted-fatigue effect of preworkout supplementation [44].
Nutrients included in both PREW (e.g., isomaltulose and amino acids) and placebo (maltodextrin),
to a certain extent, were effective at attenuating the drop in muscle function that is often expected
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with no nutrient ingestion [45]. In any case, the observed mitigation of usual performance decreases
under the PREW condition on both MBT and MIF supports the efficacy of ingesting PREW vs. CHO.
The mentioned benefit, however, still needs confirmation from further studies conducted over longer
intervention periods (>4 weeks) and using larger samples.
It is worth mentioning that, up to a certain limit, e.g., ten sets per muscle group per week [46],
substantially greater training volumes may be beneficial in enhancing muscle hypertrophy [47].
Furthermore, appropriate lean and fat mass levels are two of the most relevant health-related factors
to improve the quality of life and attenuate deleterious processes associated with typical ageing [48].
In those lines, multi-ingredient supplementation provides an additional nutritional stimulus to
promote skeletal muscle anabolic responses to exercise with a moderate increase of caloric intake,
which may actually assist older individuals in meeting their total daily energy intake requirements.
Thus, for physically active, healthy, middle-aged, and older individuals, adding a preworkout
multi-ingredient admixture, as used in our study, could be an acceptable strategy to maximise training
adaptations and counteract the progression of age-associated declines in muscle mass, strength,
and physical function.
The multi-ingredient admixture used in the present study provided 400 mg of anhydrous caffeine
(5.2 ± 0.8 mg·kg−1 BM) and 300 mg of yerba mate extract (3.9 ± 0.6 mg·kg−1 BM), with an estimated per
dose content of caffeine of about 1% (3 mg) (0.04 ± 0.01 mg·kg−1 BM) [49]. Thus, the resulting mean
relative dose of caffeine per intake was 5.2 ± 0.8 mg·kg−1, which was within the range of recommended
moderate doses (3 to 6 mg·kg−1) related to performance increase in resistance exercises [50]. In addition,
the dose used was also slightly higher than the relative amount of caffeine included in preworkout
supplements previously reported to be effective for improving resistance training volume [4,37,38].
Regarding the impact of preworkout supplementation on low-intensity endurance exercises, in
line with the study of [5], those under the PREW treatment elicited higher fat oxidation. Nonetheless,
different from the study of [5], who observed improvements in perceived response, our participants
reported similar perception of global effort after both endurance and resistance training workouts.
Discrepancies between studies may be due to differences between the supplements. Alkhatib and
coworkers used a thermogenic-based multi-ingredient admixture with no protein, amino-acids, or
carbohydrates, instead containing a combination of different herbs, i.e., 210 g of green tea leaf and 300
mg of Guarana seed extract, as well as 150 mg anhydrous caffeine per intake. The effects of this
admixture were compared to those of a noncaloric placebo. Our study compared an admixture
including thermogenic compounds (caffeine and yerba matte) protein, amino-acids, and carbohydrates
vs. an iso-energetic supplement containing nonprotein or derivatives, or any thermogenic compound
ingested prior to a low-intensity, middle-length (30 min) endurance exercise. The ingestion of
macronutrients (e.g., carbohydrates) with added caffeine has been shown to reduce the perception of
effort at the end of long duration or exhaustive endurance exercises [40,51]. Our participants were
following typical eating patterns, having the last preworkout meal ∼3-h before each exercise session.
Therefore, it is unlikely that they were exercising with low muscle glycogen content or obtaining any
advantage from the preworkout supplementation in terms of attenuating the perception of effort after
performing a 30 min, submaximal endurance training session.
Since it is not possible to identify the contribution of each individual ingredient to the observed
effects, several previous isolated nutrient studies have offered insight into the potential effects of
the various nutrients [52]. In addition to the caffeine and yerba mate, the increased volume of weight
lifted during RT may also be attributed to the improved vasodilatory response and higher muscular
efficiency elicited by the ingestion of citrulline-DL-malate [53] and L-Carnitine [16]. Furthermore,
the inclusion of 2 g per dose of betaine hydrochloride could have acted as an osmolyte, thereby
increasing the water retention of cells and attenuating fatigue as the workout sessions progressed [54].
It has been claimed that the addition of theanine and tyrosine to caffeine favours cognitive function
and focus on the task [55]. Although no effect was observed on the measured subjective feelings in
this study, it is possible that these three ingredients worked synergistically with citrulline-malate,
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L-carnitine, amino-acids, and betaine to increase exercise volume by promoting cell hydration,
blood flow, and the removal of metabolic by-products while attenuating the concomitant increase of
the perception of effort due to the higher training volume. The dose of tyrosine used in the present
investigation (1 g) was similar to the amount included in several multi-ingredient formulae claiming
to enhance some aspects of exercise performance [4,56]. Nonetheless, to the best of the authors’
knowledge, there is still a lack of research on the synergistic effect of caffeine, thionine, and tyrosine to
enhance muscular activation during exercise sessions.
The macronutrient admixture provided 14 g of isomaltulose (low glycaemic index ∼32) and 1.9 g
of maltodextrin (high glycaemic index > 90). Compared to ingesting maltodextrin only, the addition
of isomaltulose to the protein and amino-acids admixture may have favoured a more stable glucose
concentration [18], promoting a higher exercise volume during resistance training [57].
The present study had several limitations that must be considered when attempting to draw
evidence-based inferences. Even though dietary records were kept, the participants’ diets were not
fully controlled outside of the supplement routine. Although this approach has been extensively used,
providing a prepacked diet to participants before and during the intervention would have offered
a more accurate reliable means of achieving dietary control [58]. As several previous investigations
have demonstrated the effectiveness of preworkout supplements on increasing performance outcomes
vs. noncaloric conditions, the inclusion of another group receiving a nonenergy placebo supplement
was not considered in the present investigation. Even though we allowed adjustment of the load
during RT, variations of exercise intensity were not permitted during END. Thus, it was not possible to
know whether the participants would have performed either a higher volume or maintained a higher
exercise intensity with a similar rate of fat oxidation under the PREW condition compared to the CHO
condition. Additionally, the supplementation protocol considered the absolute dose recommended
by the manufacturer. Lastly, female participants were tested randomly over the menstrual cycle.
The phase over which each participant was tested may influence individual strength performance [59]
and or willingness to train [60].
Future studies should consider both acute and long-term interventions using individualised doses
based on the participants’ body mass or fat-free mass. Regarding females, further studies analysing
the impact of exercising in different phases of the menstrual cycle under diverse nutritional intervention
are warranted.
5. Conclusions
The present investigation advocates for the ingestion of a preworkout, protein-based,
multi-ingredient admixture providing ∼5.2 mg·kg−1 of caffeine, 16 g (∼0.21 g·kg−1) of carbohydrate
including a high proportion of isomaltulose (slow-release disaccharide), and 9 g (∼0.12 g·kg−1) of
protein including added amino-acids (~1.8 ratio of CHO/protein), instead of carbohydrates alone,
to increase resistance training volume and possibly enhance fat oxidation during endurance training in
middle-aged, physically active men and women.
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Responses to the questionnaire of sensitive feelings.
Author Contributions: F.N. and J.P.-F. contributed to the design of the work, literature search, acquisition,
analysis, and interpretation of the data and drafting the manuscript. M.S. contributed to the acquisition, analysis,
and interpretation of the data. E.L.-Z. contributed to the conception and design of the work, G.L., A.J. and X.M.
revised the methodology. C.J.L.R. contributed to the conception and design of the work. All authors revised
the manuscript critically for important intellectual content and gave final approval of the final version. All authors
have read and agreed to the published version of the manuscript.
Funding: GO-Fit and The University of Greenwich provided joint funding to the completion of this project;
however, this does not affect this original research content and purpose.
Nutrients 2020, 12, 3778 16 of 19
Acknowledgments: The authors thank the participants for their time and effort to complete the assessments
and training protocol. Special acknowledge to Kelly Cooper, for their valuable cooperation and support during
the data collection.
Conflicts of Interest: The results of the current study are presented clearly, honestly, and without fabrication,
falsification, or inappropriate data manipulation. The authors declare that they have no conflicts of interest
relevant to the content of this manuscript.
References
1. Jagim, A.R.; Harty, P.S.; Camic, C.L. Common Ingredient Profiles of Multi-Ingredient Pre-Workout
Supplements. Nutrients 2019, 11, 254. [CrossRef] [PubMed]
2. Collins, P.B.; Earnest, C.P.; Dalton, R.; Sowinski, R.J.; Grubic, T.J.; Favot, C.J.; Coletta, A.M.; Rasmussen, C.;
Greenwood, M.; Kreider, R.B. Short-Term Effects of a Ready-to-Drink Pre-Workout Beverage on Exercise
Performance and Recovery. Nutrients 2017, 9, 823. [CrossRef] [PubMed]
3. Ormsbee, M.J.; Mandler, W.K.; Thomas, D.D.; Ward, E.G.; Kinsey, A.W.; Simonavice, E.; Panton, L.B.; Kim, J.-S.
The effects of six weeks of supplementation with multi-ingredient performance supplements and resistance
training on anabolic hormones, body composition, strength, and power in resistance-trained men. J. Int. Soc.
Sports Nutr. 2012, 9, 49. [CrossRef] [PubMed]
4. Bergstrom, H.C.; Byrd, M.T.; Wallace, B.; Clasey, J.L. Examination of a Multi-ingredient Preworkout
Supplement on Total Volume of Resistance Exercise and Subsequent Strength and Power Performance.
J. Strength Cond. Res. 2018, 32, 1479–1490. [CrossRef]
5. Alkhatib, A.; Seijo, M.; Larumbe-Zabala, E.; Naclerio, F. Acute effectiveness of a “fat-loss” product on
substrate utilization, perception of hunger, mood state and rate of perceived exertion at rest and during
exercise. J. Int. Soc. Sports Nutr. 2015, 12, 1–8. [CrossRef]
6. Hoffman, J.R.; Kang, J.; Ratamess, N.A.; Hoffman, M.W.; Tranchina, C.P.; Faigenbaum, A.D. Examination of
a pre-exercise, high energy supplement on exercise performance. J. Int. Soc. Sports Nutr. 2009, 6, 2. [CrossRef]
7. Harty, P.; Zabriskie, H.A.; Erickson, J.L.; Molling, P.; Kerksick, C.M.; Jagim, A.R. Multi-ingredient pre-workout
supplements, safety implications, and performance outcomes: A brief review. J. Int. Soc. Sports Nutr. 2018,
15, 41. [CrossRef]
8. Ratamess, N.A.; Hoffman, J.R.; Ross, R.; Shanklin, M.; Faigenbaum, A.D.; Kang, J. Effects of an amino
acid/creatine energy supplement on the acute hormonal response to resistance exercise. Int. J. Sport Nutr.
Exerc. Metab. 2007, 17, 608–623. [CrossRef]
9. Davis, J.M.; Zhao, Z.; Stock, H.S.; Mehl, K.A.; Buggy, J.; Hand, G.A. Central nervous system effects of caffeine
and adenosine on fatigue. Am. J. Physiol. Integr. Comp. Physiol. 2003, 284, R399–R404. [CrossRef]
10. Hespel, P.; Maughan, R.J.; Greenhaff, P.L. Dietary supplements for football. J. Sports Sci. 2006, 24, 749–761.
[CrossRef]
11. Rekling, J.C.; Funk, G.D.; Bayliss, D.A.; Dong, X.-W.; Feldman, J.L. Synaptic Control of Motoneuronal
Excitability. Physiol. Rev. 2000, 80, 767–852. [CrossRef] [PubMed]
12. Burke, L.M.; Angus, D.J.; Cox, G.R.; Cummings, N.K.; Febbraio, M.A.; Gawthorn, K.; Hawley, J.A.;
Minehan, M.; Martin, D.T.; Hargreaves, M. Effect of fat adaptation and carbohydrate restoration on
metabolism and performance during prolonged cycling. J. Appl. Physiol. 2000, 89, 2413–2421. [CrossRef]
[PubMed]
13. Alkhatib, A. Yerba Maté (Illex Paraguariensis) ingestion augments fat oxidation and energy expenditure
during exercise at various submaximal intensities. Nutr. Metab. 2014, 11, 42. [CrossRef]
14. Giannesini, B.; Le Fur, Y.; Cozzone, P.J.; Verleye, M.; Le Guern, M.-E.; Bendahan, D. Citrulline malate
supplementation increases muscle efficiency in rat skeletal muscle. Eur. J. Pharmacol. 2011, 667, 100–104.
[CrossRef] [PubMed]
15. Rebouche, C.J. Kinetics, Pharmacokinetics, and Regulation of l-Carnitine and Acetyl-l-carnitine Metabolism.
Ann. N. Y. Acad. Sci. 2004, 1033, 30–41. [CrossRef] [PubMed]
16. Spiering, B.A.; Kraemer, W.J.; Vingren, J.L.; Hatfield, D.L.; Fragala, M.S.; Ho, J.-Y.; Maresh, C.M.;
Anderson, J.M.; Volek, J.S. Responses of criterion variables to different supplemental doses of L-carnitine
L-tartrate. J. Strength Cond. Res. 2007, 21, 259–264. [CrossRef] [PubMed]
Nutrients 2020, 12, 3778 17 of 19
17. Evans, M.; Guthrie, N.; Pezzullo, J.; Sanli, T.; Fielding, R.A.; Bellamine, A. Efficacy of a novel formulation of
L-Carnitine, creatine, and leucine on lean body mass and functional muscle strength in healthy older adults:
A randomized, double-blind placebo-controlled study. Nutr. Metab. 2017, 14, 7. [CrossRef]
18. Stevenson, E.J.; Watson, A.; Theis, S.; Holz, A.; Harper, L.D.; Russell, M. A comparison of isomaltulose
versus maltodextrin ingestion during soccer-specific exercise. Graefe’s Arch. Clin. Exp. Ophthalmol. 2017, 117,
2321–2333. [CrossRef]
19. O’Bryan, K.R.; Doering, T.M.; Morton, R.W.; Coffey, V.G.; Phillips, S.M.; Cox, G.R. Do multi-ingredient protein
supplements augment resistance training-induced gains in skeletal muscle mass and strength? A systematic
review and meta-analysis of 35 trials. Br. J. Sports Med. 2020, 54, 573–581. [CrossRef]
20. MacNutt, M.J.; De Souza, M.J.; Tomczak, S.E.; Homer, J.L.; Sheel, A.W. Resting and exercise ventilatory
chemosensitivity across the menstrual cycle. J. Appl. Physiol. 2012, 112, 737–747. [CrossRef]
21. Ross, W.D.; Marfell-Jones, M.J. Kineanthropometry, Chapter 6. In Physiological Testing of High Performance
Athlete, 2nd ed.; MacDougal, J.C., Wenger, H.A., Green, H.J., Eds.; Human Kinetics: Champaing, IL, USA,
1991; pp. 223–308.
22. Dempster, P.; Aitkens, S. A new air displacement method for the determination of human body composition.
Med. Sci. Sport Exerc. 1995, 27, 1692–1697. [CrossRef]
23. Viitasalo, J.T. Evaluation of Explosive Strength for Young and Adult Athletes. Res. Q. Exerc. Sport 1988,
59, 9–13. [CrossRef]
24. Brown, L.E.; Weir, J.P. ASEP procedures recommendation I: Accurate assessment of muscular strength.
J. Exerc. Physiol. Online 2001, 4, 1–21.
25. Till, K.; Morris, R.; Stokes, K.; Trewartha, G.; Twist, C.; Dobbin, N.; Hunwicks, R.; Jones, B. Validity of
an Isometric Midthigh Pull Dynamometer in Male Youth Athletes. J. Strength Cond. Res. 2018, 32, 490–493.
[CrossRef] [PubMed]
26. Haff, G.G.; Carlock, J.M.; Hartman, M.J.; Kilgore, J.L.; Kawamori, N.; Jackson, J.R. Force-time curve
characteristics of dynamic and isometric muscle actions of elite women olympic weightlifters. J. Strength
Cond. Res. 2005, 19, 741–748.
27. LoTurco, I.; Pereira, L.A.; Kobal, R.; Kitamura, K.; Ramirez-Campillo, R.; Zanetti, V.; Abad, C.C.C.;
Nakamura, F.Y. Muscle Contraction Velocity: A Suitable Approach to Analyze the Functional Adaptations in
Elite Soccer Players. J. Sports Sci. Med. 2016, 15, 483–491.
28. Rey, E.; Lago-Peñas, C.; Lago-Ballesteros, J. Tensiomyography of selected lower-limb muscles in professional
soccer players. J. Electromyogr. Kinesiol. 2012, 22, 866–872. [CrossRef] [PubMed]
29. Ezequiel, R.; Lago-Peñas, C.; Lago-Ballesteros, J.; Casais, L. The Effect of Recovery Strategies on Contractile
Properties Using Tensiomyography and Perceived Muscle Soreness in Professional Soccer Players. J. Strength
Cond. Res. 2012, 26, 3081–3088. [CrossRef]
30. Martín-Rodríguez, S.; Loturco, I.; Hunter, A.M.; Rodríguez-Ruiz, D.; Munguia-Izquierdo, D. Reliability
and measurement error of tensiomyography to assess mechanical muscle function: A systematic review.
J. Strength Cond. Res. 2017, 31, 3524–3536. [CrossRef]
31. Macgregor, L.J.; Hunter, A.M.; Orizio, C.; Fairweather, M.M.; Ditroilo, M. Assessment of Skeletal Muscle
Contractile Properties by Radial Displacement: The Case for Tensiomyography. Sport Med. 2018, 48,
1607–1620. [CrossRef]
32. Karsten, B.; Jobson, S.; Hopker, J.G.; Stevens, L.; Beedie, C.J. Validity and reliability of critical power field
testing. Graefe’s Arch. Clin. Exp. Ophthalmol. 2014, 115, 197–204. [CrossRef] [PubMed]
33. Ratamess, N.; Alaver, B.A.; Eventoch, T.K.; Housh, T.J.; Kibler, B.; Kraemer, W.J. Progression Models in
Resistance training for healthy adults ACSM position Stand. Med. Sci. Sport Exerc. 2009, 41, 687–708.
34. Robertson, R.J.; Goss, F.L.; Rutkowski, J.; Lenz, B.; Dixon, C.; Timmer, J.; Frazee, K.; Dube, J.; Andreacci, J.
Concurrent Validation of the OMNI Perceived Exertion Scale for Resistance Exercise. Med. Sci. Sports Exerc.
2003, 35, 333–341. [CrossRef] [PubMed]
35. Lodo, L.; Moreira, A.; Zavanela, P.M.; Newton, M.J.; McGuigan, M.R.; Aoki, M.S. Is there a relationship
between the total volume of load lifted in bench press exercise and the rating of perceived exertion? J. Sports
Med. Phys. Fit. 2012, 52, 483.
36. Wellek, S.; Blettner, M. On the Proper Use of the Crossover Design in Clinical Trials. Dtsch. Aerzteblatt Online
2012, 109, 276–281. [CrossRef] [PubMed]
Nutrients 2020, 12, 3778 18 of 19
37. Gonzalez, A.M.; Walsh, A.L.; Ratamess, N.A.; Kang, J.; Hoffman, J.R. Effect of a Pre-Workout Energy
Supplement on Acute Multi-Joint Resistance Exercise. J. Sports Sci. Med. 2011, 10, 261–266.
38. Jagim, A.R.; Jones, M.T.; Wright, G.A.; Antoine, C.S.; Kovacs, A.; Oliver, J.M. The acute effects of
multi-ingredient pre-workout ingestion on strength performance, lower body power, and anaerobic capacity.
J. Int. Soc. Sports Nutr. 2016, 13, 11. [CrossRef]
39. Goldstein, E.R.; Ziegenfuss, T.N.; Kalman, D.S.; Kreider, R.B.; Campbell, B.; Wilborn, C.D.; Taylor, L.W.;
Willoughby, D.S.; Stout, J.R.; Graves, B.S.; et al. International society of sports nutrition position stand:
Caffeine and performance. J. Int. Soc. Sports Nutr. 2010, 7, 5–15. [CrossRef]
40. Cooper, R.; Naclerio, F.; Allgrove, J.; Larumbe-Zabala, E. Effects of a carbohydrate and caffeine gel on
intermittent sprint performance in recreationally trained males. Eur. J. Sport Sci. 2014, 14, 353–361. [CrossRef]
41. Lieberman, H.R.; Tharion, W.J.; Shukitt-Hale, B.; Speckman, K.L.; Tulley, R. Effects of caffeine, sleep loss,
and stress on cognitive performance and mood during U.S. Navy SEAL training. Psychopharmacology 2002,
164, 250–261. [CrossRef]
42. McLester, J.R.; Bishop, P.A.; Smith, J.; Wyers, L.; Dale, B.; Kozusko, J.; Richardson, M.; Nevett, M.E.;
Lomax, R.G. A Series of Studies—A Practical Protocol for Testing Muscular Endurance Recovery. J. Strength
Cond. Res. 2003, 17, 259. [CrossRef] [PubMed]
43. Bartolomei, S.; Sadres, E.; Church, D.D.; Arroyo, E.; Iii, J.A.G.; Varanoske, A.N.; Wang, R.; Beyer, K.S.;
Oliveira, L.P.; Stout, J.R.; et al. Comparison of the recovery response from high-intensity and high-volume
resistance exercise in trained men. Graefe’s Arch. Clin. Exp. Ophthalmol. 2017, 117, 1287–1298. [CrossRef]
[PubMed]
44. Kerksick, C.M.; Leutholtz, B. Nutrient Administration and Resistance Training. J. Int. Soc. Sports Nutr. 2005,
2, 50–67. [CrossRef] [PubMed]
45. McLellan, T.M.; Pasiakos, S.M.; Lieberman, H.R. Effects of Protein in Combination with Carbohydrate
Supplements on Acute or Repeat Endurance Exercise Performance: A Systematic Review. Sports Med. 2013,
44, 535–550. [CrossRef]
46. Barbalho, M.; Coswig, V.; Steele, J.; Fisher, J.P.; Paoli, A.; Gentil, P. Evidence for an Upper Threshold for
Resistance Training Volume in Trained Women. Med. Sci. Sports Exerc. 2019, 51, 515–522. [CrossRef]
47. Schoenfeld, B.J.; Contreras, B.; Krieger, J.; Grgic, J.; Delcastillo, K.; Belliard, R.; Alto, A. Resistance Training
Volume Enhances Muscle Hypertrophy but Not Strength in Trained Men. Med. Sci. Sports Exerc. 2019,
51, 94–103. [CrossRef]
48. Westcott, W.L. Resistance training is medicine: Effects of strength training on health. Curr. Sports Med. Rep.
2012, 11, 209–216. [CrossRef]
49. Bracesco, N.; Sanchez, A.; Contreras, V.; Menini, T.; Gugliucci, A. Recent advances on Ilex paraguariensis
research: Minireview. J. Ethnopharmacol. 2011, 136, 378–384. [CrossRef]
50. Pickering, C.; Grgic, J. Caffeine and Exercise: What Next? Sport Med. 2019, 49, 1007–1030. [CrossRef]
51. Kumar, N.; Warren, G.L.; Snow, T.K.; Millard-Stafford, M. Caffeine Ingestion with or Without Low-Dose
Carbohydrate Improves Exercise Tolerance in Sedentary Adults. Front. Nutr. 2019, 6, 9. [CrossRef]
52. Schwarz, N.A.; McKinley-Barnard, S.K. Acute Oral Ingestion of a Multi-ingredient Preworkout Supplement
Increases Exercise Performance and Alters Postexercise Hormone Responses: A Randomized Crossover,
Double-Blinded, Placebo-Controlled Trial. J. Diet. Suppl. 2020, 17, 211–226. [CrossRef] [PubMed]
53. Sureda, A.; Córdova, A.; Ferrer, M.D.; Pérez, G.; Tur, J.A.; Pons, A. l-Citrulline-malate influence over branched
chain amino acid utilization during exercise. Graefe’s Arch. Clin. Exp. Ophthalmol. 2010, 110, 341–351.
[CrossRef] [PubMed]
54. Hoffman, J.R.; Ratamess, N.A.; Kang, J.; Rashti, S.L.; Faigenbaum, A.D. Effect of betaine supplementation on
power performance and fatigue. J. Int. Soc. Sports Nutr. 2009, 6, 7–10. [CrossRef] [PubMed]
55. Zaragoza, J.; Tinsley, G.; Urbina, S.; Villa, K.; Santos, E.; Juaneza, A.; Tinnin, M.; Davidson, C.; Mitmesser, S.;
Zhang, Z.; et al. Effects of acute caffeine, theanine and tyrosine supplementation on mental and physical
performance in athletes. J. Int. Soc. Sports Nutr. 2019, 16, 1–8. [CrossRef] [PubMed]
56. Figueiredo, C.; Lira, F.S.; Rossi, F.E.; Billaut, F.; Loschi, R.; Padilha, C.D.S. Multi-ingredient pre-workout
supplementation changes energy system contribution and improves performance during high-intensity
intermittent exercise in physically active individuals: A double-blind and placebo controlled study. J. Int.
Soc. Sports Nutr. 2020, 17, 1–8. [CrossRef] [PubMed]
Nutrients 2020, 12, 3778 19 of 19
57. Kraemer, W.J.; Hooper, D.R.; Szivak, T.K.; Kupchak, B.R.; Dunn-Lewis, C.; Comstock, B.A.; Flanagan, S.D.;
Looney, D.P.; Sterczala, A.J.; Dupont, W.H.; et al. The Addition of Beta-hydroxy-beta-methylbutyrate
and Isomaltulose to Whey Protein Improves Recovery from Highly Demanding Resistance Exercise. J. Am.
Coll. Nutr. 2015, 34, 91–99. [CrossRef]
58. Jeacocke, N.A.; Burke, W. Methods to standardize dietary intake before performance testing. Int. J. Sport
Nutr. Exerc. Metab. 2010, 20, 87–103. [CrossRef]
59. Knowles, O.E.; Aisbett, B.; Main, L.C.; Drinkwater, E.J.; Orellana, L.; Lamon, S. Resistance Training and Skeletal
Muscle Protein Metabolism in Eumenorrheic Females: Implications for Researchers and Practitioners.
Sports Med. 2019, 49, 1637–1650. [CrossRef]
60. Pallavi, L.; Souza, U.J.D.; Shivaprakash, G. Assessment of Musculoskeletal Strength and Levels of Fatigue
during Different Phases of Menstrual Cycle in Young Adults. J. Clin. Diagn. Res. 2017, 11, CC11. [CrossRef]
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.
© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).
